Objectives No reliable methods are available for determining application of percutaneous coronary intervention for treatment of equivocal tandem lesions. We investigated whether coronary pressure measurement is useful for determining the lesion that requires percutaneous coronary intervention in tandem lesions.
Objectives No reliable methods are available for determining application of percutaneous coronary intervention for treatment of equivocal tandem lesions. We investigated whether coronary pressure measurement is useful for determining the lesion that requires percutaneous coronary intervention in tandem lesions.
Methods
We measured coronary pressure in 72 consecutive patients with tandem lesions. Myocardial fractional flow reserve (FFR myo ) was obtained as the ratio of coronary pressure distal to the lesion/aortic pressure under maximal hyperemia. If the FFR myo across the tandem lesions was Z 0.75, we deferred percutaneous coronary intervention for the lesion. When the tandem lesions showed FFR myo < 0.75, percutaneous coronary intervention was performed on the lesion that showed angiographically higher stenosis. When FFR myo was < 0.75 after one-lesion percutaneous coronary intervention, this intervention was carried out on the remaining lesion.
Results
We deferred percutaneous coronary intervention for 26 patients (36.1%), and performed percutaneous coronary intervention in 46 patients (63.8%). We performed percutaneous coronary intervention for one lesion in 19 patients (26.4%) and for both lesions in 27 patients (37.5%). Among patients in whom percutaneous coronary intervention was deferred, only two patients (7.7%) required target lesion revascularization during the follow-up period. This rate was not higher than that in the 46 patients who underwent percutaneous coronary intervention for one or two lesions (six patients, 13.0%). Similarly, the target lesion revascularization in lesions with initially deferred percutaneous coronary intervention (5.6%, 4/71 lesions) was not higher than that in lesions with percutaneous coronary intervention (15.1%, 11/73 lesions). Major cardiac events, cardiac death and acute myocardial infarction, did not occur in patients with deferred percutaneous coronary intervention and in those with percutaneous coronary intervention during the follow-up period.
Conclusion
Our results clearly showed that coronary pressure measurement was clinically useful for identifying equivocal tandem lesions requiring percutaneous coronary intervention. 
Introduction
Percutaneous coronary intervention (PCI) has now been widely applied for the treatment of coronary artery disease [1] . Coronary angiography has been widely used as a standard method for evaluation of coronary artery stenosis. Coronary angiography, even quantitative coronary angiography, has some limitations [2] . It cannot provide any direct information on the hemodynamic effects of coronary stenosis. In tandem lesions, that is, two stenoses in series within one coronary artery, evaluation of the severity of the tandem lesions by coronary angiography, even with quantitative coronary angiography, is extremely difficult because of the complicated hydromechanics across tandem lesions with complex forms. It is especially difficult to determine the severity of tandem lesions when one or both lesions show intermediate narrowing. Current quantitative coronary angiographic measures of the percentage narrowing of the coronary artery luminal diameter do not account for the true normal coronary arterial size in determining the severity of segmental or diffuse coronary artery disease, because only the lumen of the reference segment is used for comparison [3] . The true size of an artery is often obscured because of Glagovian remodeling [4] . Inter-pretations of coronary arteriograms thus severely underestimate mild coronary atherosclerosis and overestimate the severity of stenosis with > 50% diameter narrowing [5, 6] . These limitations are particularly important in evaluating clinically important intermediate tandem lesions.
Although several methods, such as exercise thallium cardiac imaging, have been used to evaluate reversible ischemia, each method has its own limits of sensitivity and specificity. The intensity of the load and the judgment of the cutoff point are always problematical in the evaluation of reversible ischemia in various exercise tests. These limitations are particularly important in the judgment of reversible ischemia in patients with tandem lesions with intermediate stenosis. Moreover, the stress test cannot determine which lesion of the tandem lesions is responsible for reversible ischemia. Simple and reliable methods for evaluating the functional severity of the lesions are essential for making decisions about PCI to dilate the lesions, especially in patients with equivocal tandem lesions.
Myocardial fractional flow reserve (FFR myo ), calculated from coronary pressure measurement, theoretically reflects physiological coronary reserve and has been reported to be a useful index for determining the functional severity of coronary artery disease [7] . Several subsequent studies [8, 9] demonstrated that FFR myo of 0.75 can distinguish lesions with inducible reversible ischemia at exercise from those without inducible reversible ischemia. We thus hypothesized that coronary pressure measurement can determine whether tandem lesions require revascularization. In that case, it would be worthwhile to evaluate prospectively whether PCI should be deferred in patients with tandem lesions on the basis of FFR myo . No studies, however, have examined the coronary pressure in tandem lesions. Accordingly, we studied the usefulness of FFR myo for decision-making about PCI in tandem lesions of the coronary artery.
Patients and methods

Patients
Coronary pressure was measured in 72 consecutive patients with angiographically tandem lesions with intermediate stenosis, defined below. They consisted of 61 men and 11 women aged 49-78 years (mean ± SD, 65 ± 9 years). The characteristics of the patients studied are summarized in Table 1 . PCI was performed principally on the basis of the guidelines for PCI [10] . In patients with old myocardial infarction, viability of the myocardium perfused by the lesion-containing coronary artery was evaluated by cardiac scintigraphy, echocardiography and/or left ventriculography. Informed consent was obtained from all patients. Ethical approval of the present study was obtained from the Institutional Ethics Committee (Sakakibara Hospital Ethics Committee) for Human Research under the guidelines for clinical studies of the Helsinki Declaration of 1975 as revised in 1997 [11] .
Cardiac catheterization
The patients' medication was continued until cardiac catheterization. At the beginning of cardiac catheterization, all patients were given 100 IU/kg of heparin intravenously and additional heparin was administered if the procedure lasted more than 90 min. Coronary angiography was performed using multiple views by the standard percutaneous transluminal method using a femoral approach.
Quantitative coronary angiography
The angiographic severity of the target lesion was measured by quantitative coronary angiography with an automated edge detection algorithm (Super DF Series, Digital Fluorography System; Toshiba, Tokyo, Japan). The reference vessel diameter was obtained from the diameter of the guiding catheter. Two orthogonal projections of the coronary arterial lesion during the end-diastolic phase were used to perform biplane analysis of the percentage stenosis of the coronary artery diameter. 
Definition of tandem lesions
Coronary arteriograms were evaluated visually by two cardiologists who were not aware of any clinical characteristics of the patients. Tandem lesions were defined as two stenoses in series within one coronary artery, both of which showed between 40 and 70% luminal stenosis (determined by visual assessment). Patients for whom the two cardiologists disagreed about the judgment of the coronary stenosis status were excluded from the present study.
Measurement of intracoronary pressure Figure 1 shows representative results of coronary pressure measurements in a patient with tandem lesions. Isosorbide dinitrate (2.5 mg) was administered into the coronary artery every 30 min throughout the procedure. A pressure monitoring guide wire (Wave Wire; JOMED, Rancho Cordova, California, USA) was zeroed, calibrated and advanced through the catheter into the coronary artery and positioned as distally as possible. Maximal myocardial hyperemia was then induced by intravenous continuous infusion of adenosine triphosphate (150 mg/kg per min). FFR myo was then calculated at the maximal hyperemia as the ratio of the simultaneously recorded aortic pressure (P a ) and distal coronary pressure (P d ) (i.e., P d /P a ). Thereafter, the pullback pressure tracing from a point as distal as possible to the proximal part of the coronary artery under steady-state maximal hyperemia was obtained and recorded at a paper speed of 5 mm/s. The pullback pressure tracing was repeated twice to confirm reproducibility of the pressure measurements. A value of FFR myo < 0.75 was considered significant with respect to physiological criteria, on the basis of previously reported studies [7] [8] [9] . When FFR myo was less than 0.75 across the tandem lesions, PCI was performed on the lesion that showed higher stenosis angiographically. When FFR myo was again less than 0.75 after one-lesion PCI, PCI was performed on the remaining lesion. An animal study demonstrated that the FFR myo of each of the tandem lesions could not be calculated using the equation for isolated stenosis (P d /P a during hyperemia) applied to each lesion separately [12] . A clinical study also indicated that the value of FFR myo for each stenosis would have been significantly overestimated [13] . On the basis of these reported findings, FFR myo of each lesion was not determined, and angiographic severity determined by visual inspection was used to select which lesion was first treated with PCI when FFR myo across the two lesions was less than 0.75.
Treatment and follow-up
In patients with normal FFR myo (Z 0.75) across the tandem lesions, coronary intervention was deferred. In patients with reduced FFR myo (< 0.75) across the tandem lesions, the lesion that showed more marked narrowing was assigned for treatment by coronary revascularization by means of PCI with balloon angioplasty and/or coronary stenting. When FFR myo after PCI for one lesion was more than or equal to 0.75, PCI of the remaining lesion was deferred. When FFR myo after PCI for one lesion was less than 0.75, PCI was performed on the remaining lesion. We followed up these patients for 17.5 ± 4.5 months. In patients who were treated with PCI by balloon angioplasty, follow-up coronary angiography was performed 3 months after the angioplasty. In patients with coronary stenting, follow-up coronary angiography was performed 3 and 6 months after the stenting.
We examined the incidence of target lesion revascularization (TLR) during the follow-up period. The incidence of cardiac death, acute myocardial infarction and anginal attacks during the follow-up period was also examined.
Statistical analysis
To study the differences in angiographic and coronary pressure measurements between patients with deferred PCI, one-lesion PCI and two-lesion PCI, we used analysis of variance with Bonferroni's t-test. The w 2 test or Fischer's exact probability test was used to compare proportional data between the two groups when appropriate. When proportional data for more than three groups were compared, a contingency Pullback coronary pressure tracing in a patient with angina pectoris after coronary artery bypass grafting. A bypass graft to the left anterior descending coronary artery was obstructed. Upper and lower panels showed tandem lesions before and after one-lesion PCI by means of coronary stenting, respectively. FFR myo < 0.75 was observed before PCI. After coronary stenting in the proximal lesion of the tandem lesions, which showed higher stenosis than the distal lesion, FFR myo improved to Z 0.75 and PCI of the remaining lesion was deferred. PCI, percutaneous coronary intervention; FFR myo , myocardial fractional flow reserve; seg, segment.
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as mean ± SD, and P values less than 0.05 were considered significant.
Results
No significant differences in age, sex or coronary risk factors were observed among patients with deferred PCI and patients with one-lesion PCI or two-lesion PCI ( Table  1) . Patients with deferred PCI included a somewhat larger number of patients with old myocardial infarction.
Fractional flow reserve results and percutaneous coronary intervention
In the total of 72 patients enrolled in the present study, 26 patients showed FFR myo Z 0.75 (0.83 ± 0.06) and PCI was deferred in these patients. In 19 of the remaining 46 patients, FFR myo was improved to Z 0.75 after PCI of one of the tandem lesions (from 0.59 ± 0.14 to 0.83 ± 0.09), and PCI was therefore not performed on the remaining lesion. In the remaining 27 patients who still showed FFR myo < 0.75 after PCI of one of the tandem lesions (from 0.50 ± 0.14 to 0.69 ± 0.11), PCI was performed on the remaining lesion and FFR myo finally reached Z 0.75 (0.83 ± 0.10).
Although the initial percentage diameter stenosis in the lesion with deferred PCI was significantly smaller than that with PCI, the difference was small and considerable overlap was noted ( Table 2) . As PCI was performed on the lesion that angiographically showed more severe stenosis, the lesion subjected to the initial PCI in patients with one-lesion PCI showed slightly higher percentage diameter stenosis than the lesions in which PCI was not attempted.
Target lesion revascularization
In 26 patients in whom PCI of the lesions was deferred, three lesions in two patients (one-lesion TLR in one patient and two-lesions PCI in one patient) required TLR. Patients with deferred PCI showed acceptably low incidence of TLR per number of patients (7.7%, 2/26) and per lesion (5.7%, 3/52) (Fig. 2) . In patients with one-lesion PCI, the TLR rates per patient and per lesion were 15.8% (3/19) and 15.8% (3/19), respectively. TLR rates per patient and per lesion were 22.2% (6/27) and 16.7% (9/54), respectively, in patients with two-lesion PCI. Patients with deferred PCI showed no significant differences in TLR rate per number of patients or per lesion compared with patients with one-lesion or twolesion PCI.
Lesions with deferred PCI showed a 5.6% (4/71) TLR rate per lesion, which was comparable to the rate in lesions with PCI (15.1%, 11/73) ( Fig. 2) .
No significant differences were observed in the TLR rate per lesion with deferred PCI between lesions located in the coronary artery responsible for old myocardial infarction or not (2.8%, 1/36 vs. 8.6%, 3/35). TLR rate per lesion with PCI in lesions located in the coronary artery responsible for old myocardial infarction (0%, 0/11) was not higher than that in patients with solely angina pectoris (18%, 11/61).
Major cardiac events during follow-up
None of cardiac death, acute myocardial infarction or anginal attacks occurred during the follow-up period in any group.
Discussion
The present study revealed that treatment with PCI on the basis of the coronary pressure measurement results showed acceptably low TLR rate and major cardiac events in patients with equivocal tandem lesions.
The present study did not find any clinically meaningfully distinguishable differences in angiographic extent of stenosis of tandem lesions in patients with deferred PCI and with one-lesion and two-lesion PCI. Several studies exist that found no relationship between coronary pressure and angiographic severity of the stenosis in visually intermediate stenosis [14] [15] [16] [17] . Our findings with regard to the relationship between FFR myo results and angiographic severity were in good agreement with these reported results. Coronary arteriography has been widely used as a standard method for evaluation of coronary stenosis. Coronary arteriograms, even quantitative coronary arteriograms, however, apparently have some limitations [2] . Many studies have shown that visual interpretation of coronary arteriograms severely underestimates mild or diffuse coronary artery disease [2, 3, 18] . Seiler et al. [19, 20] showed that in patients with even mild segmental stenosis, the luminal diameters of coronary arteries over a broad region are 30-50% smaller than they should be for the regional mass served. Tandem lesions are more complicated than segmental stenosis. The limits of detection of the coronary angiography system and complexity of the tandem lesions would account for the lack of a significant relationship between FFR myo and the angiographic severity of the tandem lesions [2, 3, 5, 21] .
We applied a cutoff value of FFR myo of 0.75 on the basis of previously reported findings [7, 8] . Sufficiently high diagnostic accuracy, 93%, for detection of reversible myocardial ischemia using this cutoff value has been reported [8] . In fact, several studies demonstrated that an FFR myo value of 0.75 can distinguish stenosis that induces ischemia, and good results have been reported using this cutoff value in intermediate coronary stenosis [14, 17, 22, 23] . The cutoff value of FFR myo of 0.75 we employed was thus appropriate.
Tandem lesions with deferred PCI showed an acceptably low TLR rate compared with lesions treated by PCI. Although patients with deferred PCI included a somewhat larger number of patients with old myocardial infarction, lesions with deferred PCI did not show a higher TLR rate than those with PCI in patients with old myocardial infarction. Conversely, in patients with angina pectoris, lesions with deferred PCI again did not show a higher TLR rate than those with PCI. In addition, no major cardiac events occurred during the follow-up period. Thus, coronary pressure measurements provided useful information about the need for PCI in tandem lesions.
Coronary pressure measurements cannot provide any information about the plaque characteristics of the stenosis. Some previous studies showed that acute ischemic events occur predominantly at the sites of previously insignificant or mild stenosis [24] [25] [26] . For these reasons, PCI is frequently performed without objective proof of reversible ischemia. PCI for mild stenosis has also been defended on the basis of the plaque sealing theory [27] . A recent intracoronary ultrasound study revealed that long-term follow-up after intravascular ultrasound-guided deferred interventions in patients with de novo intermediate native artery lesions showed a low cardiac event rate. In addition, a number of studies revealed that patients with intermediate stenosis in whom PCI was deferred because of FFR myo Z 0.75 showed a low incidence of cardiac events and TLR [14, 22, 23] . The present study demonstrated first that even patients with tandem lesions in whom PCI was deferred on the basis of coronary pressure study showed a similar favorable course, although tandem lesions may be more complicated and unstable than segmental intermediate stenosis. The present results together with reported results in patients with intermediate stenosis indicate that deferred PCI on the basis of coronary pressure measurements provides good results.
This study has several limitations. Firstly, this study did not have reference groups corresponding to the deferred PCI, one-lesion PCI and two-lesion PCI groups. Deferral of PCI for lesions with FFR myo < 0.75 was not justified because such lesions were associated with reversible ischemia, as mentioned above. Patients with deferred PCI showed no serious cardiac events and low TLR rate, indicating that a reference group for deferred PCI patients was not required. Secondly, qualitative evaluation of tandem lesions by intravascular ultrasound was not carried out and the combination of intravascular ultrasound evaluation and coronary pressure measurements may provide superior PCI long-term results. We have no data regarding intravascular ultrasound results, so no further comments about this limitation are appropriate.
In conclusion, our results clearly showed that coronary pressure measurement was clinically useful for determining equivocal tandem lesions requiring PCI.
